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Transgenic mice expressing human insulin-like growth factor 1
(IGF-1) in basal epithelial cells of prostate have been characterized.
Transgene expression led to activation of the IGF-1 receptor and
spontaneous tumorigenesis in prostate epithelium. Hyperplasia
was evident in these mice by 2–3 months of age. Atypical hyper-
plasias and prostatic intraepithelial neoplasia were evident by 6–7
months of age. Well differentiated adenocarcinomas appeared in
mice 6 months or older. Less differentiated tumors, diagnosed as
small cell carcinomas, were also observed in two of the older mice.
Both lobes of the mouse prostate gland (dorsolateral and ventral)
presented preneoplastic and neoplastic changes. The incidence of
tumors in mice >6 months of age (38 mice total) was 50%. The
development of neoplasia in these transgenic mice appeared to
follow a stepwise progression through early preneoplastic changes
that ultimately culminated in frank neoplasia. These mice offer an
animal model for prostate cancer that will allow study of the
stepwise development of this disease and the mechanism(s)
whereby IGF-1 mediates this process.

Prostate cancer is the most commonly diagnosed cancer in
men in the United States (1). Progress in prostate disease

research has been impaired by the lack of adequate animal
models that reproduce the human disease. There are several
established rat models of prostate cancer that are either hor-
monally andyor chemically induced, such as the Lobund Wistar
or Nobel rat models (2–5). In these models, the time frame to
adenocarcinoma is 12–24 months. Spontaneous adenocarcino-
mas develop in the Dunning model (R-3327 system), which is
carried as both cell lines and transplantable tumors in syngeneic
Copenhagen rats (4). All of these model systems have certain
limitations that have hampered their utility. Recently, several
laboratories have created transgenic models in which prostate
adenocarcinomas develop with high frequency (6–10). All of
these models are based on expression of SV40-T antigen in
prostate epithelium. Thus, a potential limitation of these models
is the use of a transgene not directly involved in human prostate
cancer. In some of these models, tumors develop rapidly (in some
cases by 10–12 weeks), are poorly differentiated or undifferen-
tiated, and progress rapidly to metastatic disease (6–8, 10).

Recently, Chan et al. (11) reported a strong positive associa-
tion between serum insulin-like growth factor 1 (IGF-1) levels
and prostate cancer risk. The importance of IGF-1 receptor
(IGF-1r) signaling in neoplastic transformation is clearly evident
from a variety of studies (reviewed in refs. 12–16). Several
transgenic models have been developed to explore the role of
IGF-1r signaling in cellular growth and neoplasia (17–20).
However, with the exception of transgenic mice in which IGF-2
expression was driven by the major urinary protein promoter
(MUP), none developed spontaneous tumors in any tissue. The
MUPyIGF-2 transgenic mice developed a variety of tumors,
primarily hepatocellular carcinomas and lymphomas in very old
animals, but no prostate phenotype was described (18).

As part of our ongoing studies of the role of IGF-1r signaling
in epithelial tumorigenesis, we created transgenic mice in which
human IGF-1 expression is targeted specifically to the basal layer
of multiple epithelia, including prostate, using the bovine keratin
5 (BK5) promoter (21). The current results demonstrate that
persistent expression of human IGF-1 in the basal epithelium of
mouse prostate leads to spontaneous neoplasia in this tissue.

Materials and Methods
Production and Maintenance of Transgenic Mice. The generation of
transgenic mice expressing human IGF-1 driven by the BK5
promoter (referred to as BK5.IGF-1 transgenic mice) is de-
scribed in detail elsewhere (21). In brief, human IGF-1 cDNA,
encoding the prepro form of the IGF-1 polypeptide (22), was
excised from the parent pGEM plasmid and was ligated into the
BK5 vector described previously (23). Founder mice were mated
to ICR animals for propagation of transgenic lines. Transgenic
animals were genotyped by using human IGF-1-specific PCR on
genomic DNA isolated from tails as described (20). All of the
mice used in this study were from line II, which exhibited the
strongest phenotype.

Analysis of Serum IGF-1 and IGF Binding Protein 3 (IGFBP-3) Levels.
Blood samples were collected via tail bleeding and were centri-
fuged at 1,000 3 g for 5 min at 4°C. Serum samples were analyzed
by using methods outlined in the Active Non-Extraction IGF-1
ELISA and IGFBP-3 ELISA kits (Diagnostic Systems Labora-
tories, Webster, TX).

Histochemistry, Immunohistochemistry, and Immunofluorescence.
The expression of IGF-1 and IGF-1r was determined by indirect
immunofluorescence analysis. For detection of IGF-1 expres-
sion, 5-mm frozen sections were incubated with 10% non-
immunized goat serum for 30 min to block the nonspecific Fc
receptor in the tissue and then were washed with PBS containing
BSA (BSAyPBS). Sections were incubated in a 1:100 dilution of
the primary sheep polyclonal antibody against human IGF-1
(Chemicon) in BSAyPBS or with preimmune sheep serum
(negative control) overnight at 4°C. Sections were washed with
BSAyPBS and were incubated with the secondary FITC affinity
pure F(ab9)s fragment goat anti-chicken IgG (1:200) (Jackson
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ImmunoResearch) for 40 min at room temperature. Expression
of the IGF-1r was determined by the method described in ref. 41,
with the exception that a chicken polyclonal antibody (Upstate
Biotechnology, Lake Placid, NY) and Cy-3 conjugated affinity
pure F(ab9)2 fragment goat anti-sheep IgG (Jackson Immu-
noResearch) were used as the primary and secondary antibodies.
To detect neuroendocrine cells, slides were treated with protease
and were stained with mouse monoclonal anti-seratonin anti-
body (Dako) according to the manufacturer’s instructions.

For the analysis of labeling index, paraffin sections were
stained with anti-BrdUrd antibody as described (24). The indi-
vidual apoptotic cells in frozen tissue sections were identified by
the TUNEL assay (ApopTag In Situ Apoptosis Detection kit,
Intergen, Purchase, NY). Three mice, 8–10 weeks of age, were
used for each group.

Results
Previous studies have shown that keratin 5 is expressed in basal
cells of rat and mouse prostate (ref. 25; C.C., unpublished
studies); therefore, the BK5 promoter was expected to drive gene
expression to this epithelial subpopulation. However, this had
not been previously demonstrated experimentally (26–28). In-
direct immunofluorescence staining for human IGF-1 in basal
epithelial cells of the ventral prostate from a 7-week-old
BK5.IGF-1 mouse is shown in Fig. 1A. In addition, we deter-
mined that the IGF-1r was expressed in basal epithelial cells of
mouse prostate (Fig. 1B). As can be seen in Fig. 1C, IGF-1r levels
(IGF-1r b chain at molecular mass of 94 kDa) appeared to be
similar in both transgenic and nontransgenic mice. In contrast,
the IGF-1r was hyperphosphorylated in the prostate of
BK5.IGF-1 mice, indicating it was constitutively activated. An-
other protein band with an apparent molecular mass similar to
that of IRS-1 ('165 kDa) was dramatically hyperphosphorylated
in the prostate of transgenic mice compared with nontransgenic
mice. Fig. 1D shows that phosphotidylinositol 3 (PI3) kinase

activity was elevated nearly four-fold in prostate tissue of
transgenic mice compared with nontransgenic mice.

BK5.IGF-1 mice also had measurable serum levels of human
IGF-1 and elevated levels of endogenous IGFBP-3. Serum levels
of human IGF-1 were 477 6 44 ngyml in transgenic mice and not
detectable (as expected) in nontransgenic mice. Serum levels of
IGFBP-3 were 11.3 vs. 5.3 ngyml in transgenic compared with
nontransgenic mice, respectively.

To evaluate the effect of deregulated IGF-1 expression on
prostate epithelial homeostasis, apoptosis and cell proliferation
rates were examined in the ventral prostate. The effect of
castration on these parameters was also examined. Eight- to
ten-week-old male transgenic and nontransgenic mice were
surgically castrated, and the prostates were removed 4 and 10
days after castration. Prostates were taken from intact animals
as well. In the noncastrated mice, the apoptotic rate in the ventral
prostate was very low for both the BK5.IGF-1 mice and age-
matched nontransgenic littermates (0.01 6 0.02 and 0.03 6 0.05,
respectively). On androgen withdrawal (i.e., castration), the
apoptotic rate increased .10-fold by day 4 after castration for
both the transgenic mice and nontransgenic mice (0.42 6 0.17
and 0.49 6 0.3, respectively). On day 10, a slight, but insignifi-
cant, decrease was observed in both genotypes (0.11 6 0.11,
transgenic; 0.29 6 0.35, nontransgenic). There was no significant
difference in the prostate labeling index between intact trans-
genic and nontransgenic mice (0.62 6 0.10 and 0.51 6 0.06,
respectively). After castration, the labeling index decreased
similarly in both transgenic and nontransgenic mice by day 4
(0.07 6 0.07 and 0.06 6 0.04, respectively).

A number of pathologic changes were observed in the prostate
and other male accessory glands of the BK5.IGF-1 mice. The
urogenital tracts of 40 transgenic males ranging from 2 months
to 18 months of age were analyzed histologically. Significant
hyperplasia was observed in the male accessory glands of the two
youngest transgenic mice (2–3 months; data not shown). In

Fig. 1. Indirect immunofluorescence localization of human IGF-1 (A) and mouse IGF-1r (B) in ventral prostate of an 8-week-old BK5.IGF-1 mouse. Arrowheads
in A point to the brightly labeled basal epithelial cells, and asterisks are placed on top of luminal cells of the prostatic acini. (A and B, 3300.) (C) Western blot
analysis of IGF-1r in prostate of BK5.IGF-1 mice. IGF-1r levels were determined in tissue lysates prepared as described (21) from pooled ventral and dorsolateral
prostate of 8- to 10-week-old nontransgenic (NTg) and transgenic (Tg) mice. Protein bands were visualized by enhanced chemiluminescence (ECL, Amersham).
(D) Analysis of PI3 kinase activity in prostate tissue (ventral and dorsolateral combined) lysates of 8-week-old nontransgenic (NTg) and transgenic (Tg) mice. The
PI3 kinase assay was performed as described (21). In brief, PI3 kinase activity was determined in immunoprecipitates (anti-PI3 kinase antibody, Upstate
Biotechnology) by the incorporation of [g-32P]ATP. Radioactivity was assayed by liquid scintillation counting. Note that nearly identical results were obtained
in repeat experiments for both IGF-lr phosphorylation and PI3 kinase activity.
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addition, all of the older male transgenic mice (38 total; $6
months of age) had pronounced hyperplasia of different com-
ponents of the male accessory glands. In the younger transgenic
mice (2–3 months), the structure of the acini appeared normal,
and overexpression of the transgene did not appear to have
differentially affected either the morphology of the acini or the
ratio of basal to luminal cells. The stroma also appeared rela-

tively normal. In contrast, prostate tissue of older transgenic
mice ($6 months of age) presented atypical hyperplastic changes
in all lobes of the prostate gland. Comparison of the ventral
prostate from a nontransgenic male with that of a transgenic
male, both aged 7 months, shown in Fig. 2 illustrates that the
degree of hyperplasia was sufficient to increase the overall size
of the gland (A and B, respectively). The lesions observed in

Fig. 2. Preneoplastic and neoplastic changes in the ventral and dorsolateral prostate in BK5.IGF-1 mice. Five-micrometer sections of formalin-fixed tissue
embedded in paraffin were stained with hematoxylin and eosin. (A) Ventral prostate of a 7-month-old nontransgenic littermate. (B) A transgenic mouse of the
same age. Note that the hyperplasia in the transgenic mouse is sufficient to increase the overall size of the gland in B. (A and B, 337.5.) (C) Atypical acinus at
higher magnification illustrating epithelial stratification (boxed area) as well as both cellular and nuclear atypia. (3300.) (D) Ventral prostate adenocarcinoma
from a transgenic mouse illustrating the disorganized growth typical of these lesions. Arrows indicate atypical acini invading periglandular adipose tissue. (375.)
(E) Acini from dorsolateral prostate of a nontransgenic mouse at 14 months of age showing normal appearance. (3150.) (F) Atypical acinus from dorsolateral
prostate of a 6-month-old transgenic mouse. Note the presence of medium grade PIN lesions (see long arrow). Neural ganglia (ng) compression caused by gland
enlargement and stromal vascularization are also evident in this section. Short arrow points to a highly vascularized area of this lesion. (3150.) (G and H) Focal
areas of an adenocarcinoma from a 14-month-old transgenic mouse showing atypical glandular structures and vascularized stroma. Note in H the invasion into
the pelvic muscle mass (pm). (G and H, 3150.)
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prostate of older transgenic mice consisted of crowded acini with
irregular shapes and moderate cellular atypia. Areas of frank
dysplasia were frequently observed in these lesions and partic-
ularly in the dorsolateral and ventral prostate, where some of the
acini resembled human prostatic intraepithelial neoplasia (PIN)
(29, 30). An atypical acinus from the ventral prostate of a
7-month-old transgenic mouse illustrating epithelial stratifica-
tion and both cellular and nuclear atypia is shown in Fig. 2C.
Using criteria for diagnosis of human prostate cancer, this lesion
exhibited features resembling human PIN. A lower magnifica-
tion of a ventral prostate lesion that illustrates the disorganized
growth typical of the prostate glands from transgenic mice is
shown in Fig. 2D. In addition, this section shows some invasion
of the periglandular adipose tissue.

Representative sections of dorsolateral prostate from trans-
genic mice are shown in Fig. 2 as is a representative section of
dorsolateral prostate of a 14-month-old nontransgenic mouse
(E). Fig. 2F shows a representative section from a 7-month-old
transgenic mouse while Fig. 2 G and H show representative
sections from a 14-month-old transgenic mouse. A medium-
grade PIN-like lesion similar to those seen in the ventral prostate
is shown in Fig. 2F. This section also shows compression of the
neural ganglia by the enlarged (hyperplastic) gland and vascu-
larization of the surrounding stroma. Focal areas of adenocar-
cinoma with atypical glandular structures and a vascularized
stroma are shown in Fig. 2 G and H, and PIN-type lesions are
evident adjacent to the focal area of adenocarcinoma. Invasion
into the pelvic muscle mass is also evident in Fig. 2 H.

The basal layer was conserved in most of the hyperplastic acini
from dorsolateral and ventral prostate but in the more dysplastic
areas the basal layer was disrupted or totally absent. Loss of the
basal layer in some of these areas was confirmed by the absence
of endogenous keratin 5 staining. A dysplastic acinus from the
ventral prostate of a 7-month-old transgenic mouse presenting
loss of keratin 5 staining is shown in Fig. 3A. In four of the older
mice (.8 months of age), areas of necrosis of the dorsolateral
prostate were observed accompanied by infiltration of the
prostate fluid into the adjacent connective tissue. Glandular cells
presenting atypical features were also observed in some cases
floating in the prostatic f luid. Although most of the lesions were
very well differentiated, they frequently invaded adjacent tissues,
particularly periglandular fat and peritoneum, and in some cases
they invaded the wall of seminal vesicles. In addition, two poorly
differentiated tumors were observed in older mice. A section
(stained with hemotoxylin and eosin) from one of these tumors,
diagnosed as small cell carcinoma, is shown in Fig. 3B. The
neuroendocrine nature of this tumor was confirmed by positive
staining for serotonin (Fig. 3C). In this section, also note the
highly vascularized nature of this lesion. All of the other lesions
showing either infiltration or substantial loss of basal cells were
considered well differentiated adenocarcinomas.

To further confirm the neoplastic nature of the lesions ob-
served in prostate of BK5.IGF-1 mice, three individual enlarged
prostates (one ventral; two dorsolateral) from transgenic mice
were grafted into the renal capsule of male athymic mice. All
three renal capsule grafts gave rise to development of prostate
tissues. In all of the cases, the grafted tissue appeared to have
increased in size, and in one case a large peritoneal mass formed
that became abscessed and produced a renal-spleen adherence.
Another renal capsule transplant generated a tumor mass
formed by dysplastic acini, and tubular prostate structures were
observed infiltrating the parenchyma of the kidney (Fig. 3D).
The third graft also produced an adherence with the spleen
formed by inflammatory tissues and some poorly developed
prostate acini. Collectively, the results obtained indicated that
the changes in the prostate of BK5.IGF-1 transgenic mice were
of a neoplastic nature and could be considered homologous to

human preneoplastic lesions (atypical hyperplasia) and well
differentiated adenocarcinomas.

Of the 38 male transgenic mice examined in the current study $6
months of age, a total of 7 had ventral prostate adenocarcinomas

Fig. 3. (A) Staining for endogenous K5 in the basal cell layer in the ventral
prostate of a BK5.IGF-1 mouse. Note the lack of staining for K5 in the dysplastic
acinus in the upper half of the picture (short arrow points to area devoid of K5
staining) whereas the more normal acinus in the lower portion of this panel (long
arrow)still retainsK5staining.Keratin5wasdetectedbyusingarabbitpolyclonal
anti-mouse K5 antibody (Covance, Berkeley, CA) (described in ref. 47). (B) Small
cell carcinoma from a 14-month-old BK5.IGF-1 mouse. Area enclosed in box is
representative of this lesion. (C) Immunohistochemical staining for serotonin in a
section from the small cell carcinoma shown in B. Area enclosed in box shows
representative cells darkly stained for serotonin. To detect neuroendocrine cells,
slides were treated with protease and were stained with mouse monoclonal
anti-seratonin antibody (Dako) according to the manufacturer’s instructions. (D)
Atypical acini growing in the kidney capsule of an athymic mouse. Arrows point
to atypical acini. Also note the unusual tubular structures (t) and the kidney
parenchyma (kp) present in this section. (A–D, 3150.)
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and 11 had dorsolateral prostate adenocarcinomas. These numbers
represent independent animals with tumors. In most cases, where
adenocarcinomas were present in one lobe, the corresponding
prostate lobe also was atypical but could not be conclusively
diagnosed as adenocarcinoma. In a few cases, we did not have the
corresponding prostate lobe for analysis (because of processing
errors or poor tissue quality). Thus, the overall incidence of tumors
(adenocarcinoma plus small cell carcinoma) in mice $6 months of
age was 50% (19y38) (Table 1).

Discussion
The current data demonstrate that constitutive signaling through
the IGF-1r alone is sufficient to induce tumorigenesis in the
mouse prostate. The development of prostatic adenocarcinomas
in BK5.IGF-1 transgenic mice appeared to follow a stepwise
progression through characteristic preneoplastic changes involv-
ing atypical hyperplasia, PIN-like lesions, and adenocarcinomas
exhibiting local invasive properties, a process that resembles the
development of prostate cancer in humans. There are few
reports in the literature showing that elevated levels of IGF-1 or
other IGF-1r ligands (i.e., IGF-2) can induce tumorigenesis.
Rogler et al. (18) reported that IGF-2 transgenic mice, where
IGF-2 expression was driven by the MUP promoter, developed
hepatocellular carcinomas and lymphomas in addition to several
other tumors at a higher frequency than controls after 18 months
of age. However, no tumors were reported in prostate of these
transgenic mice. The MUP promoter expresses at high levels in
liver and preputial glands; however, these mice did have elevated
serum levels of IGF-2. Because IGF-2 binds to and activates the
IGF-1r (14), it is likely that the mechanism for tumorigenesis in
the MUPyIGF-2 transgenic mice involves signaling through the
IGF-1r. The fact that the MUPyIGF-2 transgenic mice did not
develop prostate tumors indicates that the tissue-specific expres-
sion of IGF-2 was essential for inducing neoplasia in these mice.
The BK5.IGF-1 transgenic mice also had elevated serum levels
of human IGF-1 as well as endogenous IGFBP-3. Nevertheless,
tumors developed only in the prostate and skin (21) where the
transgene was expressed. Thus, it is concluded that the tissue-
specific expression of IGF-1 in BK5.IGF-1 transgenic mice was
essential for the observed phenotype in the prostate gland.

The IGF-1r is expressed on the surface of many cell types,
including epithelial cells, and IGF-1 has been shown to possess
mitogenic effects on numerous epithelial cells, including pros-
tate epithelial cells (refs. 31–37; reviewed in 14). In mouse
prostate, in vivo, the IGF-1r was found to be expressed primarily
on the surface of basal epithelial cells (Fig. 1). The data shown
in Fig. 1 also demonstrate that the IGF-1r is constitutively
activated and that PI3 kinase activity is elevated in the prostate
of BK5.IGF-1 transgenic mice, showing a direct correlation
between phenotype, transgene expression, and receptor activa-
tion in vivo. The mechanism(s) whereby constitutive activation of
the IGF-1r leads to hyperplasia and eventually neoplasia in the
prostate of BK5.IGF-1 mice remains unknown at present. Sev-

eral studies were performed to initially address this question.
Because IGF-1 can have both mitogenic and anti-apoptotic
actions (14, 16), we examined these parameters in intact and
castrated BK5.IGF-1 transgenic mice. Surprisingly, there were
no clear differences in cell proliferation rates or apoptotic rates
in the intact transgenic mice compared with nontransgenic
littermates under the conditions of our experiments. Thus, it is
not clear at present what the cellular mechanisms are that lead
to hyperplasia of the prostate gland in these mice. Because the
BrdUrd labeling and apoptosis indices were very low, it is
conceptually possible that subtle differences in these parameters,
below the level of detection of the methods used, had a cumu-
lative effect over a period of several weeks or months in
generating the type of hyperplasia observed in the transgenic
animals. In the epidermis of adult BK5.IGF-1 transgenic mice,
the labeling index was elevated '2- to 3-fold compared with
nontransgenic mice whereas no significant differences were
observed in basal apoptotic index (21). After exposure to UV
light, however, epidermal proliferation was exaggerated and
apoptosis was suppressed in the epidermis of BK5.IGF-1 mice.
One possible explanation for the current results is that endog-
enous or exogenous stimuli that induce proliferationyapoptosis
in the prostate gland epithelium will lead to similar differential
responses in the BK5.IGF-1 transgenic mice and ultimately
contribute to prostate epithelial hyperplasia.

It is well established that castration impairs the development of
the prostate gland in immature animals (38) and induces atrophy of
the prostate in the adult (39–42). Atrophy of the prostate by
androgen deprivation in adult mice is believed to be the result of
massive apoptosis of the glandular epithelium that occurs after
castration (43). The trophic action of androgen appears to be
mediated, in part, by the stroma through the secretion of paracrine
factors, including IGF-1 as well as other growth factors (44, 45).
Because IGF-1 is considered a cell survival factor (i.e., anti-apo-
ptotic), we examined whether overexpression of IGF-1 could
prevent apoptosis after castration. However, both transgenic and
nontransgenic mice behaved very similarly, indicating that IGF-1
did not prevent the castration-induced atrophy in the prostate.
Further, when we measured the number of apoptotic cells after
castration, there were again no differences between the transgenic
and nontransgenic mice. These results demonstrate that overex-
pression of IGF-1 alone cannot compensate for the lack of andro-
gen after castration and that tumor development in this animal
model likely depends on the continued presence of androgens.
Colombel et al. (40) reported that functional p53 protein was not
essential for prostate epithelial cells to undergo castration-induced
apoptosis in mice. This observation is interesting in light of our
results with UV-induced apoptosis in skin of BK5.IGF-1 mice (21).
UV light-induced apoptosis in epidermis is mediated by p53
because mice lacking p53 exhibit significantly reduced apoptotic
rates (46). A possible explanation for the lack of effect of IGF-1 on
castration-induced apoptosis is that this process does not require
functional p53. This hypothesis predicts that p53-mediated apopto-
sis in prostate epithelial cells of BK5.IGF-1 mice would be sup-
pressed. Future experiments are designed to address this possibility.

In conclusion, the BK5.IGF-1 transgenic mice appear to
represent a new animal model for prostate cancer. It appears
that prostate cancer development can be followed from early
stages of hyperplasia through more dysplastic lesions and ade-
nocarcinomas in these transgenic mice. The current results also
provide a direct link between IGF-1r signaling and tumor
development in prostate, confirming an important role for this
growth factor in prostate cancer development (11). The further
study of these mice should not only provide insight into the role
of IGF-1r signaling in epithelial tumorigenesis but should also
provide a greater understanding of its role in prostate cancer.

Table 1. Occurrence of prostate tumors in BK5.IGF-1 transgenic
mice

Prostate lesions

Mice 6–9
months old,

n 5 6

Mice .9
months old,

n 5 32

VP DLP VP DLP

Adenocarcinoma 1 1 6 10
Small cell carcinoma 2* 2 1† 1

VP, ventral prostate; DLP, dorsolateral prostate.
*None detected.
†This animal had a ventral prostate adenocarcinoma as well.
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